ABSTRACT A new equivalent circuit model of an electrical size-reduced coupled line radio frequency Marchand balun is proposed and investigated in this paper. It consists of two parts of coupled lines with significantly reduced electrical length. Compared with the conventional Marchand balun, a short-circuit ending is applied instead of the open-circuit ending, and a capacitive feeding is introduced. The electrical length of the proposed balun is reduced to around 1/3 compared with that of the conventional Marchand balun. Detailed mathematical analysis for this design is included in this paper. Groups of circuit simulation results are shown to verify the conclusions. A sample balun is fabricated in microstrip line type on the Teflon substrate, with low dielectric constant of 2.54. It has a dimension of 0.189λ g × 0.066λ g with amplitude imbalance of 0.1 dB and phase imbalance of 179.09 • ± 0.14 • . The simulation and experiment results are in good agreement.
I. INTRODUCTION
Balun has been used as key components in many kinds of circuits such as double balanced mixers, push-pull amplifiers, antennas, and frequency multipliers [1] - [7] . They can provide a balanced output converted from an unbalanced input. The input signal is divided into two output ports equally with a phase difference of 180 • . Various types of passive baluns are presented nowadays, such as 180 • hybrid type [8] , [9] , lumped-element type [10] - [12] , Wilkinson type [13] - [16] , Marchand type [17] - [20] , and types using electromagnetic metamaterials [21] , [22] .
Marchand balun consists of two pairs of coupled-line sections, which can be realized in microstrip type [17] , Lange couplers [18] , multilayer coupled structures [19] , or spiral coils [20] . Electrical length of both coupled-line sections are all 90 • , and designs for Marchand balun must follow this rule. As the miniaturization of devices is becoming more and more important nowadays, many designs have been presented to reduce the size of Marchand balun [23] , [24] . Most of these designs aiming for miniaturization are based on the conventional circuit. A new equivalent circuit model will lead these miniaturization works further.
In this paper, we propose a new simple and reliable RF balun equivalent circuit as a variant form of the conventional Marchand balun. The electrical size of the proposed balun circuit is significantly reduced from that of the classical Marchand balun. The bandwidth of the circuit can be designed by selecting appropriate sizes of the coupled line part, both narrow and wide bandwidth are available from this circuit. The mathematical derivation of the circuit and the design formula are given in this paper. A prototype of the circuit made in microstrip type is fabricated to discuss this circuit in practice.
The paper is organized in the following manner. In Section II, the balun circuit and its related formulation are discussed, and some of the influential factors during the design process are introduced. In Section III, the circuit are designed into the form of microstrip type, and then simulation and fabrication experiment are all evaluated. Some of the problems during the design are discussed. Finally, conclusions are drawn in Section IV.
II. THEORY
The proposed circuit is based on the coupled line Marchand balun. It contains short-circuit ends and an extra capacitive feeding which is different from the general Marchand balun. As shown in Fig. 1 , the circuit is composed of two pieces of coupled lines with a designed electrical length (θ ), and a capacitor at port 1. The circuit will be analyzed using the Y-matrix analysis.
A. ANALYSIS OF THE BALUN WITHOUT MATCHING
The characteristic of symmetrical microstrip coupled lines could be studied using Y-parameters [25] as followed,
where
Y 0e and Y 0o are even-and odd-mode characteristic impedance of the coupled lines, respectively, and θ is the corresponding electrical length. The balun is designed and calculated without the capacitive feeding initially. It is analyzed as the series connecting of two symmetrical coupled lines with the same electrical length as shown in Fig. 2 . The analysis can be given as
where 
The parameters can be simplified as 
The relationship of the output signal from port 2 and port 3 in Fig. 2 can be derived with this Y-matrix [y] after the loads of each port are indicated. When the source admittance at port 1 is set as y s and the two-load admittance at port 2 and port 3 are both set as y L , we have
Substituting (5) into (3), the following results can be obtained.
In equation (4), it can be observed that y 12 = −y 13 . So that equation (6) tells that u 2 = −u 3 . It shows the two output signals have the opposite phase with the same amplitude when the same loads connected to the output ports of the structure. This meets the requirement of the balun design.
B. DESIGN FORMULA AND IMPEDANCE MATCHIN
The S-parameters can be derived from the Y-parameters with the following equation,
where [E] is the identity matrix, [ √ z] is a diagonal matrix having the square root of the characteristic impedance at each port as its non-zero elements. S-parameters are solved when all the three ports are loaded with impedance Z L (admittance y L ), key elements of the S-parameters are solved as equation (8), as shown at the bottom of the next page. S 11 is required to be 0 for a perfect matching in the input port. However, there is no value for θ that can be solved. To meet the matching condition, a matching component at the input port will be applied. The input impedance of the network is used in the following discussion. The input impedance Z in when all ports loaded with impedance Z L (admittance y L ) can be derived from S 11 as equation (8) . Setting A = Z L in equation (8) is the easiest way to accomplish the impedance matching. Three values are to be solved in the equation, which are even and odd mode characteristic admittance y 0e and y 0o , and electrical length θ . A numerical computing environment is suggested to be applied to solve the equation. In this paper, Wolfram Mathematica software has been applied to get the solution. The relationship between the required θ and Z 0e /Z 0o is shown in Fig. 3(a) . B can be solved after these values are determined. The input impedance Z in should be equal to Z L in the impedance matching condition, then only one reactive component is required to be loaded at port 1 for compensating the imaginary part B in Z in , leading the circuit to a perfect matching.
In this case, a three-port network is formed with a perfect input matching and the two output ports have the same amplitude with a phase difference of π . A balun model is setup and the structure is just as shown in Fig. 1 . 
C. IDEAL SIMULATION AND DISCUSSIO
The center frequency of the test model of the proposed balun is chosen as 2.45 GHz, and we set the load impedance as Z L = 50 , the even and odd mode impedance as Z 0e = 185. 44 and Z 0o = 76.144 , respectively. The required electrical length can be solved from A part in equation (8) and it is obtained as θ = 31.414 • . B value is subsequently calculated and solved as B = 233.739 . A capacitor is loaded at the input port to eliminate the imaginary part of the input impedance, which is solved as C = 0.278 pF at 2.45 GHz.
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(y 2 0e − 6y 0e y 0o + y 2 0o ) 2 cos 2 θ − (y 0e + y 0o ) 2 NI AWR design software is used in the simulation with the calculated component values. The calculated results and the simulation results are shown in Fig. 4 . It can be seen from the results that the input matching is done well and the insertion loss form port 1 to port 2 and 3 are the same at −3 dB for the center frequency, and phase difference of the output ports are critically 180 • . The simulation and calculation results are matched well. The electrical length reduction is studied with the Smith Chart. As shown in Fig. 5 , the reflection coefficient of the balun without feeding (Fig. 2) turns as a clockwise trace marked by red in Smith Chart as the electric length θ of the coupled lines increase. When θ = 0, the input is shortcircuited, and the reflection coefficient S 11 is −1 at the point P 0 ; when θ = 90 • , the total electrical length of the input port to the ground is 180 • , and the input is short-circuited again by transmission line theory even though there are coupled lines loaded, so that the S 11 turns back at the point P 0 again, which can also be proved by equation (8) . The idea of this circuit we discussed above is to get a point P 1 at the Smith Chart first, where the S 11 trace meets the trace of Z in = (50 + jX ) (marked by black), and then apply an input feeding to compensate the imaginary input impedance of the circuit. The value of θ corresponding to the point P 1 would stay between 0 • and 90 • . Furthermore, referring to equation (8) and Fig. 3(a) , we found that θ is always smaller than π/4 with the test of a group of reasonable values of even and odd mode impedance. And the solved electrical length is reduced when Z 0e be set larger or Z 0o be set smaller. The result of B is positive in this situation, so that the imaginary part of input impedance can be easily eliminated with a single capacitive component at the input port, with a capacitance easily calculated. Furthermore, the proposed technique can also be applied on a conventional Marchand balun (loading a capacitor on the input port), the calculated results is shown in Fig. 3(b) . The result tells that the proposed shorted circuited type is a better solution for miniaturization than a conventional type.
Bandwidth of the balun is designable, which is related to the even and odd mode impedance values of the coupled lines. To evaluate the relationships between the even-/oddmode impedance and the bandwidth, a group of ideal simulation data is shown in Fig. 6 . An example of conventional Marchand balun result is also included in Figure. 6(b) as a comparison with the proposed balun. As shown in the figure, the electrical length of the proposed balun is greatly reduced, and the bandwidth is narrower as a tradeoff. This circuit can achieve either narrow band or broad band operation below 50% fractional bandwidth verified by simulation, the wider operating bandwidth requires the higher Z 0e or the lower Z 0o .
To show the effect of each design parameters on the center frequency and the feeding capacitance, a series of simulations have been made. The results are shown in Fig. 7 . It can be concluded that the center frequency of the circuit increases with the decreasing of the even mode impedance Z 0e and the electrical length θ of the coupled lines, and with the increasing of the odd mode impedance Z 0o of the coupled lines. The feeding capacitance goes the opposite way against the center frequency direction.
III. FABRICATION AND MEASUREMENT
A microstrip balun based on the proposed idea is simulated and fabricated in this section, for evaluating the theory in the simplest way. The balun is evaluated and designed based on the Teflon substrate, with the dielectric constant ε e = 2.54, thickness of h = 0.54 mm, and loss of tanδ = 0.002. The fullwave simulation is done with the aid of Ansys Electronics Desktop 2015 (HFSS).
The layout of the designed balun with detailed size information is shown in Fig. 8 . For the convenience of design and fabrication, chip capacitors are used in this structure. An achievable capacitance value for the chip capacitor is chosen around the best designed capacitance, which is 0.423 pF (0.427 pF is the best value in simulation) achieved by series connection of 0.8 pF and 0.9 pF capacitors. The applied capacitors are SMA type with cut-off frequency above 10 GHz. The precision can be improved by using the capacitor in distributed type such as interdigital capacitor, and the capacitance value is reasonable for an interdigital capacitor. The photograph of the proposed balun is shown in Fig. 8(b) . The size of the core part is 11.11 × 5.11 mm 2 (0.145 × 0.066λ 2 g ). The fabricated balun is tested by an Agilent Vector Network Analyzer (VNA) 8719ES. Simulation and measurement results are shown in Fig. 9 . The results are in good agreement. The balun prototype works from 2.14 GHz to 2.64 GHz, and the fractional bandwidth is 20.41%. The return loss of the input port is −19.21 dB at 2.45 GHz, the amplitude imbalance is 0.19 dB, and the phase difference is 179.57 • ± 0.41 • . This work is compared with other balun research data in Table 1 .
The proposed equivalent circuit can also be applied in on-chip silicon environment. Coupled line parts can be realized in a spiral shape and the capacitors can be designed by MDM or interdigital technique. Due to the capability of realizing small size (several micron) by the on-chip processing technique, very high evenmode impedance and low odd-mode impedance can be achieved, and the bandwidth can be expanded as discussed in Fig. 6 .
IV. CONCLUSIONS
An electrical size-reduced coupled line Marchand balun has been proposed in this paper. The required electrical length was reduced into about 1/3, and it has potential to be even smaller compared with the conventional Marchand balun, which is a significant size reduction. The balun has been discussed by mathematical analysis and then it could be designed numerically. Both narrow band and wide band baluns can be realized using the proposed circuit, while high precision fabrication technique may be required for the wide band balun design. The necessary interconnecting transmission lines would reduce the size of the circuit while increasing the quality factor from the ideal case. A balun sample which works on 2.45 GHz is proposed. Insertion loss of the fabricated balun are −3.82 dB and −3.62 dB, respectively, and return loss is −19.21 dB. The performance can be improved by selecting the feeding capacitor more precisely. There is a very good agreement between the simulation and experiment results. In further woks, balun based on the proposed circuit can achieve a greatly smaller dimension when some different shapes applied, such mender line type, spiral type, and so on.
